3 • A EDMF model can well reproduce the results of a LES embedded with idealized aqueous 4 reactions.
R n = − dφ 1,n dt = − dφ 2,n dt = kφ 1,n φ 2,n q c,n ,
X -10 NIE ET AL.: AQUEOUS REACTIONS IN SHALLOW CUMULI that the chemical steady state is reached. Snapshots of thermodynamic (temperature T , 165 total water content q t , and others) and chemical variables (φ 1 , φ 2 , R) are saved every 166 minute during the final run for analysis. The first 30 minutes simulation of the final run 167 is discarded as spin-up, so that heterogeneities of φ 1 and φ 2 inside clouds and clear sky 168 are fully developed for the analysis period. 169 
the EDMF Model
The EDMF model is evaluated against the LES results. Consider the budget equation of 170 an arbitrary tracer (ψ) horizontally averaged over the LES domain (denoted by overbar):
(2) 172 ρ is air density. The terms on the right-hand side (RHS) are the imposed large-scale forc-173 ing, vertical convergence of turbulent flux, and net source, respectively. For the chemical 174 tracers, the large-scale forcing term is zero, and the source terms includes relaxation in 175 the clear sky and the aqueous reaction in cloudy air. 176 By separating active updrafts from the environment [e.g. Siebesma and Cuijpers, 1995] , 177 the turbulent flux can be written as
where subscripts u and e indicate conditional averaging over active updrafts and the envi-180 ronment, respectively. w is vertical velocity and a is the area fraction of active updrafts.
181
Since a is very small for the BOMEX case ( Fig. 1a) , we adopt the following highly ac- The EDMF model [e.g Siebesma et al., 2007; Sušelj et al., 2012] parameterizes F ψ as 188 the sum of a mass flux component (MF) and an eddy-diffusivity component (ED), as the horizontal mean added with an excess that scales with the surface flux (F sf c,ψ ),
204 where σ w is the standard deviation of w and α = 1.06 is a scaling parameter from Siebesma 205 et al. [2007] . Given the ψ values at the lowest level, we can integrate Eq. 5-6 upward to 206 have the ψ u values on all levels. Compared to many other parameterizations that treat 
233
In other words, the effect of cloudy/clear-sky heterogeneity on the aqueous reaction is 234 explicitly represented. Moreover, the transport and reactions of reactive tracers are cal-235 culated simultaneously as we integrate the bulk plume upward; therefore they are coupled.
236
In addition, the mass exchange of reactive tracers between the environment and cloudy 237 updrafts is through entraining/detraining mixing processes, which are deduced from and 238 constrained by the thermodynamic tracer.
239
The above representation of aqueous reaction is more consistent with the real atmo- in cloudy air,
256
To estimate the potential errors due to process-splitting in many CTMs, we run the 257 EDMF single column model as if the transport and reaction are separate as in the CTMs.
258
Over a CTM time step (∆t CT M ), we first calculate the tracer transport tendencies using 259 the EDMF model without aqueous reaction, then calculate the tracer tendencies due to 260 aqueous reaction using Eq. 9. The profiles of φ 1 and φ 2 are updated using the total 261 tendencies over ∆t CT M . Note that since we do not update tracer profiles during the split 262 processes (as some CTMs do), the results do not depend on whether transport or aqueous 263 reaction is calculated first. This is a more consistent comparison with the EDMF model.
264
In Section 3.5, the results from this setting are compared with the EDMF model with 265 transport and aqueous reaction coupled. 266
Results
We start with some basic characteristics of the BOMEX shallow cumuli in the LES 267 ( Fig. 1 ). The area fraction (a, Fig 1a) of the active updrafts is specified to be a constant 268 (1.3%) in the subcloud layer, and decreases with height in the cloud layer. In the cloud layer, the net mass flux M also decreases with height, but less than a because w u increases 
the Control Case
Now we examine the steady state chemical aspect in the control case of the LES sim-294 ulations (solid lines in Fig. 2) . The φ 1 profiles ( Fig. 2a ) share similar features with the 295 q t profiles (Fig. 1c) , because the source of φ 1 , like q t , comes from the surface flux and 296 thus φ 1 is well correlated with q t . φ 1 and φ 2 are nearly constant with height in the sub- 
304
The convective fluxes of φ 1 and φ 2 and their decomposition are shown in Fig. 2c-d 
is much smaller than F φ 1 in magnitude due to the small contrast of φ 2 in updrafts and 306 environment (Fig. 2b ). In the subcloud layer, the ED component dominates the total flux properties are correctly predicted,
379
Neglecting second order terms, γ seg can be written as
381
where C x,y is the correlation coefficient between x and y, and µ x is the coefficient of The decomposition of γ seg in the LES control case based on Eq. 11 is shown in the top 388 row of Fig. 4 . First, we examine the correlation coefficients in the upper-central panel.
389
φ 1 is strongly positively correlated with q c in cloudy updrafts (C φ 1 ,qc is close to 1), as 390 expected. φ 2 and q c are also positively correlated near the cloud base, implying that the 391 most energetic subcloud-layer updrafts are enriched in the reactive tracers and moisture.
392
As cloudy updrafts rise, the aqueous reaction of the reactive tracers with each other leads 393 to the negative correlation between φ 1 and φ 2 . In addition, above the height where φ 2u 394 and φ 2 intersect (around 800 m, Fig. 2b ), entrainment has opposite effects on φ 2 and φ 1 395 of cloud updrafts: it increases φ 2 but decreases φ 1 in cloud updrafts. As a result, C φ 1 ,φ 2 396 (and also C φ 2 ,qc ) becomes more and more negative as the updrafts go up. µ qc is large 397 near cloud base (the upper-right panel) is because q c,u is small. µ φ 1 and µ φ 2 are much 398 smaller than µ qc , indicating that reaction in the control case is slow and leads to very weak D a,φ 1,2 = τ con τ φ 1,2 .
X -22 NIE ET AL.: AQUEOUS REACTIONS IN SHALLOW CUMULI D a being far smaller than 1 indicates that the heterogeneity of reactive tracers in cloudy 423 updrafts is small, and the updrafts mean is adequate for the calculation of reaction rate.
424
D a being close to or greater than 1 indicates that the segregation of reactive tracers in 425 cloudy updrafts is signifiant and may need to be taken into account. 
